We study the chiral vortical conductivity in a holographic Weyl semimetal model, which describes a topological phase transition from the strongly coupled topologically nontrivial phase to a trivial phase. We focus on the temperature dependance of the chiral vortical conductivity where the mixed gauge-gravitational anomaly plays a crucial role. After a proper renormalization of the chiral vortical conductivity by the anomalous Hall conductivity and temperature squared, we find that at low temperature in both the Weyl semimetal phase and the quantum critical region this renormalized ratio stays as universal constants. More intriguingly, this ratio in the quantum critical region depends only on the emergent Lifshitz scaling exponent at the quantum critical point. 
Introduction
Quantum anomaly induced macroscopic transport physics has attracted great attention recently. On the one hand, the anomalous transports can be studied from many different theoretical approaches, including quantum field theory, chiral kinetic theory, hydrodynamical method and also holographic methods etc. Most interestingly, universal behaviors for these anomalous transports are found to be completely determined by the anomaly coefficients, including chiral magnetic effect and chiral vortical effect [1, 2] . On the other hand, the anomalous transports play a crucial role in the dynamics of many different real physical systems involving chiral fermions, ranging from the quark gluon plasma created at RHIC and LHC [3] , Neutron stars [4, 5] , to the more recently discovered Weyl semimetals [2, 6] .
Mixed gauge-gravitational anomaly is one of the novel quantum anomalies, which is the gravitational contribution to the axial anomaly. At finite temperature, the mixed gauge-gravitational anomaly contributes to the chiral vortical conductivity [7] . More precisely, for a chiral many-body system at finite temperature, the axial current is generated along the direction of rotation in the form of J 5 = σ V ω with σ V = c g T 2 and c g = 32π 2 ζ where ζ is the coefficient of the gravitational contribution to the anomaly [7, 8] . An incomplete list on the developments of the studies on chiral vortical conductivity is [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] . It was reported recently in [20] that the effect of positive longitudinal magneto-thermoelectric conductivity linked to mixed gauge-gravitational anomaly has been observed in the Weyl semimetal NbP.
The goal of this work is to investigate the chiral vortical effect in strongly interacting Weyl semimetals due to the mixed gauge-gravitational anomaly. A strongly interacting Weyl semimetal model has been developed in [21, 22] from the perspectives of gauge/gravity duality in which it was shown that there is a quantum phase transition between the topologically nontrivial phase and a trivial phase by tuning the ratio between the mass parameter and the time reversal symmetry breaking parameter. Other aspects of the holographic Weyl semimetal have been explored in [23, 24, 25, 26, 27, 28, 29, 30] .
In the following we shall use Kubo formulae to calculate the chiral vortical conductivity in different phases of holographic Weyl semimetal. Due to the fact that the axial gauge field is screened in the background of a scalar field, the anomalous Hall conductivity and chiral vortical conductivity should have the same normalization factor. 4 For this reason we use the anomalous Hall conductivity to normalize the chiral vortical conductivity, and study the universality of this renormalised quantity in different phases. We also comment on the behavior of odd (Hall) viscosity in this paper. This paper is organized as follows. We first review the holographic Weyl semimetal model to fix the conventions in Sec. 2. In Sec. 3, we calculate the chiral vortical conductivity and study its universality upon normalization by the anomalous Hall conductivity. We conclude with discussion in Sec. 4 . The details of the calculation are in the appendix.
Setup
We start with the holographic Weyl semimetal model [21, 22] 5 which is described by the following action
where 2κ 2 is the five dimensional gravitational coupling constant, and L is the AdS radius. We shall set 2κ 2 = L = 1 from now on. Two U (1) gauge fields V a and A a are dual to the 4 More details on this point will be discussed in Sec. 3.1.
5 Note that abcde = √ −gε abcde with ε 0123r = 1.
vector current and the axial current respectively, and their field strengths are
The Chern-Simons terms are introduced to give the correct anomalous structure for the dual field theory, including U (1)
2 V anomaly and mixed gaugegravitational anomaly. The scalar field Φ is axially charged and has the potential
We will choose m 2 = −3, λ = 1/2, q = 4/5 in this paper.
The Ansatz for the background at finite temperature
where u, f, h, A z , φ are functions of the radial coordinate r. At zero temperature, f = u. Close to the UV boundary, we have lim r→∞ A z = b and lim r→∞ rφ = M , which are the time-reversal symmetry breaking parameter and the axial symmetry breaking parameter separately. The details of the expansion near the boundary can be found in appendix A.
At zero temperature there exist three different kinds of near horizon solutions, which flow to three different regimes of M/b [22] . The anomalous Hall conductivity in these three different regimes behaves as shown in the plot of Fig. 1 . For T /b = 0, the discontinuity in σ AHE /b indicates that there is a quantum phase transition at the quantum critical point (QCP) M c /b = 0.906. At finite temperatures T /b > 0, the QCP is enlarged to a quantum critical region (QCR). As a result, the sharp line becomes smooth crossovers. In the Weyl semimetal phase, σ AHE /b is independent of T /b at low temperatures.
Chiral vortical conductivity and the universality
In this section, we will first compute the chiral vortical conductivity in different phases of the holographic Weyl semimetal model. Then the universality of the mixed anomaly induced transports will be explored.
Chiral vortical conductivity
In this subsection, we will study the chiral vortical conductivity at finite temperature. Note that, we concentrate on how the mixed gauge-gravitational anomaly affects this transport, so the (axial) chemical potential is turned off in order to clearly demonstrate the temperature dependence of the chiral vortical conductivity. At finite temperature, the black hole horizon is located at r 0 where u(r 0 ) = 0. One can always set r 0 = 1 using the translational symmetry of the radial coordinate.
The chiral vortical conductivity for the dual field theory of the holographic model can be computed from the Kubo formula
where m, n, l ∈ {x, y, z}, J 5 is the axial current and T µν is the energy momentum tensor. The holographic Weyl semimetal is an anisotropic system and we have two independent chiral vortical conductivities. For simplicity we shall focus on the component with fluctuation along the z-direction, i.e. we choose k z → 0 limit in (3.1).
We switch on the following perturbations
for i ∈ {x, y}. With six perturbation fields in consideration, one obtains rather intractable equations of motion for δA i as the corresponding response for the source δg tj . The details of equations can be found in appendix B. For all the fields we expand as e.g.
i + . . . , and we solve the equations order by order in k z . We consider the solution h 
with
where xy = − yx = 1. Note that this equation of motion decouples from h iz . We make some observations here before discussing the numerical results:
• When T = 0, u = f , the chiral vortical conductivity vanishes. In other words, at zero temperature, the rotation cannot induce any axial current.
• At finite temperature σ V ∝ ζ. This indicates that the chiral vortical effect in this system is completely induced from the mixed gauge-gravitational anomaly.
• When φ = 0, we have A z = b, f = h = r 2 , and u = r 
Therefore, a
near the boundary with r 0 = πT and one obtains σ V = 32π 2 ζT 2 . This is exactly the same as [7, 8] in the zero density limit.
• For the generic case with φ = 0, we do not have an analytical bulk solution. The numerical tool is necessary to obtain the chiral vortical conductivity.
The numerical approach to solve (3.3) is summarized as follows. First, we numerically obtain the background solution [24] . Starting from the near horizon geometry, one can integrate to the boundary to obtain the whole geometry in the bulk. Due to the scaling symmetries, there are two free shooting parameters, which correspond to M/b and T /b in the dual field theory. Then with the background solution obtained for given M/b and T /b, the equation (3.3) can be solved with the appropriate regular boundary condition at the horizon and the sourceless boundary condition at the conformal boundary. The details to obtain the Green's function can be found in appendix B.
For convenience, we define the dimensionless mass, the dimensionless temperature and the dimensionless (normalized) conductivities aŝ
(3.6)
In Fig. 2 , we numerically demonstrate the reduced chiral vortical conductivity over temperature squaredσ V /T 2 as a function ofM at various temperatures. WhenM → 0, we have σ V = 32π 2 ζT 2 which is the case that we do not explicitly break the chiral symmetry [7, 8] . WhenM increases, the chiral vortical conductivity decreases. Within the Weyl semimetal phase, as the temperature is sufficiently low (T ≤ 0.05),σ V /T 2 shows a perfect coincidence, similar to the anomalous Hall conductivity in Fig 1. This means thatσ V ∝T 2 in the Weyl semimetal phase. In the quantum critical region and the topologically trivial phase, the chiral vortical conductivity decreases monotonically and approaches zero as a result of the degrees of freedom of chiral fermions being gradually gapped out. It is interesting to note that Fig. 2 shows the mass dependance ofσ V /T 2 of the strongly coupled massive fermion system, which behaves qualitatively the same as the investigation of mass effect of chiral vortical effect in the weakly coupled massive fermion system [31, 32] . Moreover, one may notice thatσ V /T 2 shows very similar behavior compared toσ AHE .
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Although both of these two conductivities approach zero at largeM M c , the ratio of these two conductivities shows nontrivial physics. The reason to investigate the normalised ratio ofσ V /T 2 toσ AHE is motivated by the suggestion made in [26] that when we compute the two point correlators, proper renormalization effect of the axial current should be taken into account. In other words, when we consider the physics at low energy scale near the Fermi surface, the DC conductivities will be related to the IR coupling of the external fields, which is in general different from their UV strength. Following [26] we introduce a renormalized factor √ Z A satisfying
where
This coupling renormalization has impacts both on the anomalous Hall conductivityσ AHE and the chiral vortical conductivityσ V , as shown in the leading contribution of Feynman diagrams for the anomalous contributions to the two-point correlators JJ and J 5 T in Fig. 3 . Therefore, to uncover the possible universal physics at low energy, we renormalize the chiral vortical conductivity throughσ AHE . The behavior ofσ V /(σ AHET 2 ) as a function ofM is shown in Fig. 4 , from which several universalities regarding to chiral vortical effect can be revealed. Firstly, in the Weyl semimetal phase at low temperatures, the ratio is almost a constant due to the cancellation of infrared screening in both these two transports. Although with different choices ofM the underlying bulk geometries have different profiles, this ratio is in coincidence with the caseM = 0. More interestingly, this property is the same in the topological nontrivial phase for all possible choices of {q, λ} that allow a quantum phase transition in this holographic model. Secondly, in the quantum critical region we haveσ V /σ AHE ∝T 2 . More universal behaviors for the mixed anomaly induced transports in this phase will be studied in detail in Sec. 3.2. Thirdly, at large enoughM M c , the ratio approaches another value, which is independent ofT and is greater than one while this value depends on the choice of {q, λ}. 
Universality of Mixed Anomaly Induced Transports
In the previous subsection, we found after proper normalization of chiral vortical conductivity universal behavior of the renomalized chiral vortical conductivity can be studied.
In this subsection, we will focus on the universal physics of the mixed anomaly induced transports in the quantum critical region.
As can be observed in Fig. 4 , in the vicinity of the QCP located atM c 0.906, σ V /(σ AHET 2 ) tends to exhibit overlaps for a variety of low temperatures. One can clearly find the temperature-dependence of the renormalized chiral vortical conductivity from Fig. 5 . As is adequately discussed in [24] , at very low temperature, the temperature scaling behavior ofσ AHE in the quantum critical region can be determined from the anisotropic scaling exponent β, i.e.,σ AHE ∝T β . However, for the chiral vortical conductivity, we can not analytically express it in terms of the horizon data due to the nonexistence of a radially conserved quantity. Nevertheless, a careful analysis of numerical data shows that, there exists an exact power law for the normalized chiral vortical conductivity whenT → 0, i.e.,σ V ∝T 2+β .
We also find that the renormalized chiral vortical conductivity exhibit universal behaviors in the quantum critical region. When we fixed the IR scaling exponent β = 0.353, and change the two parameters q and λ in this holographic model, the location of the QCPM c will be different. However,σ V /σ AHE shows exactly the same dependence onT at low temperature, whileσ V orσ AHE alone does not behave in the same way.
Similar behaviors exist for other mixed gauge gravitational anomaly induced transports, odd (Hall) viscosities η H and η H ⊥ in the quantum critical region [24] , as is shown in Fig. 6 . Different from the chiral vortical conductivity, these two odd viscosities can be obtained directly from the near-horizon geometry [24] . In addition to the universal behaviors relying on the anisotropic scaling exponent β asT → 0, one can also notice that as the temperature is increased, these universal behaviors gradually get lost. This can be viewed as an evidence that the thermal effect depresses the quantum effect.
Finally, we numerically show the β-dependence of the chiral vortical effect in a series of strongly coupled Lifshitz-like quantum critical systems. It is convenient to introduce the coefficient function c(β) such that
.
(3.9)
As was shown in Fig. 5 , we expect that the value c(β) is universal at low temperature since it does not depend on the details of the dual theory while it only depends on the Lifshitz exponent β at low energy. The value of c(β) as a function of β is shown in Fig. 7 . c(β) monotonically increases with respect to β. 7 It would be very intriguing to compute 7 The odd (Hall) viscosity has been studied recently in [33] by considering the field theory for critical Lifshitz fermions at finite temperature, which is different from our study where the Lifshitz symmetry is an exact symmetry only at zero temperature in the IR fixed point. In our study there will always be a small deviation from Lifshitz symmetry due to some irrelevant deformations at low and finite temperature.
Conclusions
We have studied the chiral vortical conductivity in a holographic Weyl semimetal model [21] in which there exists a phase transition between the strongly coupled topologically nontrivial phase and a trivial phase. Motivated by [26] we renormalized the chiral vortical conductivity by the anomalous Hall conductivity and temperature squared, and explored the universal physics of this ratio at low temperature. We found in the Weyl semimetal phase, at low temperature the renormalized chiral vortical conductivityσ V /(σ AHET 2 ) stays a constant. In the quantum critical region, the renormalized chiral vortical conductivity is also a constant value, which only depends on the IR scaling exponent β at the quantum critical point, while not the microscopic details of the dual theory, e.g. we can get the same constant by choosing different values of λ, q which will give rise to different M c /b but with the same IR scaling exponent β. In the topologically trivial phase, for sufficiently large M/b the renormalized chiral vortical conductivity goes to another constant which typically depends on the details of the theory.
The universality in the quantum critical region is quite intriguing. It will be quite interesting to study the quantum field theory consisting of a massive fermion coupled to an axial U (1) field with a background U (1) A field along spatial directions and calculate the chiral vortical conductivity and the anomalous Hall conductivity at finite temperature to study the universalities of these transports.
where i, j ∈ {x, y}, xy = − yx = 1, and the coefficients C 1 , D 1 , E 1 , F 1 , G 1 , H 1 are
One can solve them order by order
ti + . . . , a i = a 
where γ ab is the induced metric on the boundary, K and R are extrinsic and intrinsic curvatures respectively. The renormalised on-shell action contains the following terms at quadratic order in fluctuations
x (−k z )a [2] x (k z ) + 2a
[0]
ty (−k z )h [2] ty (k z ) + h [0] xz (−k z )h [2] xz (k z ) + h x (−k z )a
y (−k z )a
xz (−k z )a
x (k z ) + h i .
(B.11)
